A B S T R A C T The effect of alpha adrenergic blockade on coronary blood flow regulation at rest was studied in 11 normally innervated patients and 8 cardiac allograft recipients by measuring arterial pressure and coronary sinus blood flow by thermodilution before and after alpha adrenergic blockade with phentolamine. Coronary vascular resistance was calculated by using coronary sinus blood flow and mean arterial pressure, and metabolic demand was estimated by the product of systolic arterial pressure and heart rate. In addition, the coronary sinus blood flow response to tachycardia was examined in 9 innervated patients and 12 denervated patients, with measurements repeated after phentolamine in 8 of the 9 innvervated patients and 6 of the 12 denervated patients. There was a 7.3+4.4% increase in coronary sinus blood flow in the innervated patients in response to alpha blockade, whereas the transplanted patients had an 8.2±1.8% fall in coronary sinus blood flow, despite equivalent changes in rate pressure product. The innervated patients also demonstrated a significantly greater increase in coronary sinus blood flow than did the transplanted patients during the first 5 s of an abrupt increase in heart rate (26±4 vs. 8±2.5 ml/min, P < 0.001). This early response was blunted after alpha adrenergic blockade. We conclude that there is basal alpha adrenergic tone present on the coronary vasculature in man that is withdrawn by a sudden increase in heart rate.
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INTRODUCTION
In the normal heart, coronary blood flow is matched to myocardial metabolic work requirement. Changes in metabolic demand are thought to produce changes in coronary blood flow through mediation of metabolic, autonomic, and myogenic factors (1) (2) (3) (4) . In the stable state, metabolic regulators such as adenosine and prostaglandins are thought to be more important than neurogenic and myogenic factors (1) (2) (3) (4) , though neurogenic mechanisms have been shown to alter coronary flow in awake and anesthetized animals as well. Both sympathetic and parasympathetic activation in animals produce coronary vasoconstriction and vasodilation (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , with a recent study suggesting the presence of alpha adrenergic tone on the coronary vasculature in the resting state (15) . In man, reflex coronary vasoconstriction in response to a cold stimulus, mediated through an alpha adrenergic mechanism, has also been demonstrated (22) .
Thus, activation of the autonomic nervous system alters coronary flow, but its role in mediating changes in coronary blood flow in response to changes in demand is ill defined. It is likely that dynamic changes in coronary hemodynamics in response to alterations in metabolic demand involve an immediate autonomic adjustment which is then overridden by metabolic autoregulation, a sequence reminiscent of the classic defense reaction (23) .
To further define the role of the autonomic nervous system in regulating coronary blood flow in man, we studied the effect of alpha adrenergic blockade upon both resting coronary hemodynamics and the immediate changes in coronary hemodynamics associated with tachycardia. The results indicate that the alpha adrenergic system significantly contributes to resting j. Clin. Invest. X The American Society for Clinical Investigation, Inc., 0021-9738/78/0801-459 $1.00 coronary blood flow in man, and that the earliest measurable increase in coronary blood flow after augmentation of metabolic demand is facilitated by withdrawal of alpha adrenergic tone.
METHODS

Coronary and systemic hemodynamic measurements
Coronary sinus blood flow was measured by the thermodilution technique of Ganz et al. (24) . Catheter insertions were performed either percutaneously or via cutdown into a superficial left antecubital vein, or percutaneously into the right internal jugular vein. The catheter (Wilton Webster Laboratories, Altadena, Calif.) was firmly fixed at the venous entry site to ensure a stable position throughout the study. The catheter tip was positioned deep within the coronary sinus, at least 3 cm from the ostium, and contrast was periodically injected to confirm a stable catheter position. Infusion of 5% dextrose solution at a rate of 50-55 ml/min was used. In our laboratory, duplicate determinations of coronary sinus blood flow in the same patient agree to within 4+8.6% (mean ±SD). Coronary sinus flow and arterial pressure were measured with the patients in the same body position (25) . Arterial pressure was measured with a Statham P-23Db transducer (Statham Instruments, Inc., Oxnard, Calif.) through a 7.4 F Judkins coronary catheter or a 6.7 F sidehole pigtail catheter positioned in the central aorta, or a PE-160 catheter inserted into the brachial artery. Systolic pressure in the cardiac recipients was obtained by averaging three beats to account for the changes in arterial pressure produced by the lack of synchronization of atrial and ventricular contraction in these patients. Arterial and venous oxygen contents were measured by the spectrophotometric method ofGordy and Drabkin (26) . Pressure, flow, and electrocardiographic traces were recorded on a strip chart optical recording system. Mean arterial pressure was calculated by using the following formula (27) :
Coronary vascular resistance was calculated as the quotient of mean arterial pressure and coronary sinus blood flow. Cardiac metabolic demand was estimated by the product of heart rate and systolic arterial pressure (28, 29 (30, 31) .
All the patients gave informed consent in accordance with the regulations ofthe Stanford University Medical Committee on the Use of Human Subjects in Research. There were no complications during the investigation.
Study protocols
The effect of alpha adrenergic blockade on resting coronary hemodynamics. In this part of our study, we examined the contribution that the alpha adrenergic component makes to resting coronary blood flow by monitoring the response of coronary hemodynamics to alpha adrenergic blockade. Coronary sinus flow and arterial pressure were measured continuously in 13 patients before and for 3 min after administration ofa 5-mg intravenous bolus ofphentolamine mesylate (Regitine; Ciba Pharmaceutical Company, Summit, N. J.). In six patients, measurements were obtained immediately before and again at 3 min after drug administration. In 9 of the 11 innervated patients, heart rate was controlled by atrial pacing at 20 beats per minute above the resting sinus rate. Measurements used for analysis were the lowest coronary blood flow recorded in the first 3 min after drug administration. Coronary arteriovenous oxygen differences were measured at control only.
The effect ofrapid atrial pacing on coronary hemodynamics.
In this part of the study, we examined how the alpha adrenergic system contributes to the earliest adjustment in coronary blood flow by using rapid atrial pacing to suddenly increase metabolic demand. Coronary sinus blood flow and arterial pressure were monitored continuously during the abrupt onset of rapid atrial pacing at a rate approximately 45 beats per minute above the basal sinus rate. The changes in coronary sinus flow, mean arterial pressure, and rate pressure product from prepaced control were followed for 25 s. Seven innervated patients and six allograft recipients were given phentolamine mesylate, 5 mg intravenously, and the pacing was repeated. Student's t test for paired and unpaired data with equal variance was used for statistical comparisons; results are expressed as mean values±SEM.
RESULTS
Effect of alpha adrenergic blockade on resting coronary vascular resistance. Table I summarizes the data for the innervated and denervated patients before and after alpha adrenergic blockade. Before alpha blockade the innervated group had a higher resting coronary vascular resistance when compared with the denervated patients (0.90±0.09 vs. 0.68±0.06 U, P = 0.05), despite equivalent rate pressure products in both groups. In addition, the innervated patients had a higher coronary arteriovenous oxygen difference (11.79±0.53 vs. 9.78±0.50 vol %, P < 0.02). These control data are graphically presented in Fig. 1. Fig. 2 demonstrates representative changes produced by alpha blockade in one innervated and one denervated patient. Despite both patients having had similar decreases in arterial pressure, the innervated patient had a 50 ml/min rise in coronary sinus blood flow, whereas the denervated patient had a reduction in coronary (22) . Nevertheless, the presence of resting neurogenic tone in human coronary vessels, and its functional significance during physiologic stresses, has yet to be established. The cardiac allograft recipient, lacking innervation to both coronary vessels and ventricular myocardium, provides a unique opportunity to study this interaction in man. The first part of our study provides three lines of evidence which suggest that the alpha adrenergic system significantly contributes to resting coronary hemodynamics in man: (a) the higher coronary vascular resistance in the innervated patients; (b) the wider coronary arteriovenous oxygen difference in the innervated patients; and (c) the directionally opposite response in coronary sinus flow after alpha adrenergic blockade in the innervated and denervated patients. These data, however, need to be interpreted in light ofthe following considerations. Inasmuch as nonadrenergic autoregulatory mechanisms (32, 33) were operative in both patient groups, differences in coronary resistance may be related, at least in part, to differences in perfusion pressure. Similarly, the difference in coronary resistance between the groups may be related to differences in ventricular tissue mass. To examine this possibility, left ventricular wall mass was calculated using the left ventricular angiogram (34) in five denervated and six innervated patients included in this study. The denervated group has a left mass of 136.3±20.6 g vs. 109.6+17.9 g in the innervated group, and though not statistically significant, this may, in fact, be the sole explanation for the higher flow noted in the denervated group. A systemic alteration in the position of the thermodilution catheter within the coronary sinus in the denervated patients may have also contributed to a higher coronary sinus flow in this group; however, every effort was made to place the catheter in the same position in the coronary Abbreviations as in Table I and Table II expected to result in a decrease rather than an increase in coronary sinus flow. Although phentolamine has been shown to have positive inotropic effects (36), this effect should be similar in both groups, as a recent report has shown that myocardial catecholamine output during physiologic maneuvers is relatively small when compared with the total output measured (37) .
Having demonstrated the presence of resting neurogenic tone on the coronary vasculature, we next sought to examine its participation in situations of changing metabolic demand. We hypothesized that the response of the coronary circulation is similar to the peripheral vasodilation that occurs in response to fright, as in the defense reaction. Thus, the sudden imposition of an augmented myocardial metabolic requirement might activate autonomic mechanisms which facilitate the earliest changes in coronary hemodynamics. Metabolic autoregulation would subsequently dominate the response of the coronary vasculature as the increased demand was maintained. Supporting this concept is the finding that innervated patients are able to achieve a greater increase in coronary sinus blood flow in the early (5-s) period after the onset of rapid pacing than are the denervated patients. When alpha blockade is then produced in the innervated patients, the early increase in coronary sinus flow is blunted, and resembles the response to pacing in the denervated group. 20 s after the onset of rapid pacing, the increase in blood flow is similar in both groups, suggesting the emergence of metabolic predominance in the regulation of coronary resistance at this time.
We recognize that the measurement of coronary sinus blood flow by thermodilution is subject to a number of methodological problems which must be considered when interpreting the results obtained with rapid atrial pacing. These relate to the time constant of the method as well as alterations in catheter position within the sinus during pacing, which would produce artifactual changes in coronary flow. The time constant of the method depends upon the summation of time constants of the temperature sensing and recording system as well as the time constant of the mixing volume. It is recognized that the technique is capable of measuring changes in flow if the cycle length of the change is >3 s (24, 38) . Thus, the detection of a change in coronary sinus flow in 5 s is well within the capability of the technique. Movement of the catheter to a more proximal position within the sinus, as a result ofpacing, might falsely increase the measured coronary sinus flow. However, the catheter motion produced by the pacing alone should be similar in both patient groups and thus mask and not accentuate the group differences. Moreover, fluoroscopic monitoring of the catheter within the sinus at the onset of pacing failed to demonstrate any change in catheter position. In addition, the tip of the catheter was positioned at least 3 cm from the coronary sinus ostium in all patients, making right atrial admixture unlikely as a source of error (39) .
A further consideration in the interpretation of our results relates to the "biological" differences in our patient groups. An implicit assumption in our study is that the innervated patients and the cardiac allograft recipients differ only in the presence or absence of cardiac nerves. The cardiac recipients have had at least one episode of graft rejection and are maintained on immunosuppressive agents, both of which could theoretically alter the responsiveness of the coronary vasculature. Nevertheless, both groups had similar changes in coronary hemodynamics in response to a stable increase in metabolic demand produced by pacing, suggesting to us that differences in the responsiveness of the coronary vasculature is an unlikely explanation for our findings. Additionally, all studies in the cardiac recipients were performed at a time of clinical stability and in the absence of graft rejection, as documented by a normal right ventricular endomyocardial biopsy.
Thus, our findings show that the alpha adrenergic system significantly contributes to resting coronary hemodynamics in man. In addition, withdrawal of alpha adrenergic tone facilitates the earliest increases in coronary sinus flow when an augmented metabolic demand is produced. The mechanism responsible for the immediate withdrawal of alpha adrenergic tone at the onset of pacing-induced tachycardia is unknown. However, based upon the mechanisms responsible for other cardiovascular-adaptive responses, a reflex mechanism would seem likely, with the receptors of the afferent limb located in the left ventricle, aorta, or carotid bifurcation.
